The reduction behavior of fenoxaprop-p-ethyl (FNX) was studied on a hanging mercury drop electrode. FNX showed 2 reduction peaks at about -0.7 V and at about -0.9 V versus Ag/AgCl/3.0 M KCl in Britton-Robinson buffer at pH 4.8. Both reductions were irreversible and adsorption was effective. The reduction peaks were assigned to the reduction of C=N to CH-NH and the reduction of C=O to CH-OH. Square-wave voltammetry has been proposed and 
Introduction
Fenoxaprop-p-ethyl (FNX), chemically known as (R)-2-[4-(6-chlorobenzoxazol-2-yloxy)phenoxy]propionic acid ethyl ester (Scheme), is used as a herbicide and belongs to the class of aryloxyphenoxypropionates. Members of this class are considered selective and systematic herbicides. They are absorbed by plants to interfere with the production of fatty acids by inhibition of acetyl coenzyme-A carboxylase, which is needed for plant growth. These herbicides are used to inhibit the growth of unwanted annual and perennial grasses between crops including barley, soybean, wheat, wild oat, tomato, cotton, and potato.
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Scheme. Chemical structure of FNX.
Since the Environmental Protection Agency and Cancer Assessment Review Committee (CARC) classified these chemicals as carcinogenic to humans, 3 the determination of their concentration levels in crops and environmental samples is of great importance. According to the literature, mainly chromatographic methods coupled with mass spectrometry after different kinds of extraction such as immersed solvent microextraction, 4 single-drop microextraction, 5 liquid-liquid extraction, 6,7 microwave-assisted solvent extraction, 8 dispersed liquid-liquid microextraction, 9 and solid-phase extraction 10 were proposed for the determination of FNX and * Correspondence: ibrahim.tasdemir@amasya.edu.tr its related compounds. Besides chromatographic methods, flow injection spectrophotometry 11, 12 and acid hydrolysis followed by spectrophotometric determination 13 were also developed for its determination.
Electroanalytical methods are widely used not only for quantitative determination of a variety of organic and inorganic substances but also to evaluate many physical, chemical, and redox characteristics of species, and to propose plausible mechanism pathways for reduction and oxidation processes. They are further used to determine the adsorption-diffusion parameters of molecules. The evaluation of such parameters is also of great interest for biologically and environmentally important species as these parameters are useful for the study of distribution, metabolism, and pharmacological, toxicological, and pharmacokinetic properties of drugs and poisons.
14−16 So far, a wide range of applications of voltammetric methods have been reported in the literature to determine environmentally and biologically relevant substances. 14−25 Although FNX has an electroactive moiety there has been no detailed study about its electrochemical behavior to date.
This study investigated the reduction behavior of FNX on a hanging mercury drop electrode (HMDE). Besides investigating its adsorption-diffusion characteristics, tentative reduction mechanisms were further proposed. In addition, this study also aimed to develop a novel, rapid, and simple voltammetric method for the direct determination of FNX in water samples and crops.
Results and discussion

Cathodic behavior of FNX on a HMDE
The electrochemical behavior of FNX on a HMDE was studied by using cyclic voltammetry (CV), square-wave voltammetry (SWV), and constant potential bulk electrolysis (BE).
In CV studies a voltammetric baseline and potential window were established for blank BR. Then standard FNX solution was added to the cell. Based on these measurements 2 reduction peaks were investigated. The first reduction peak was at around -0.7 V and the second one at around -0.9 V. These peaks disappeared when only BR was scanned and the peak current increased linearly with increasing FNX concentration ( Figure 1 ). This result suggests that these peaks belong to the reduction of FNX on the HMDE. 
Effect of pH
Electrochemical studies were conducted. First of all the effect of pH was investigated between the values of 1.8 and 10.8. Figure 2 shows that potentials of both reduction peaks shifted to more negative values with increasing pH from 1.8 to 6.8. The change in peak potentials with pH was explained by the participation of proton(s) in reduction mechanisms. 14−17 The shift of the peak potentials towards more negative values with increasing pH may be caused by a protonation step before the electron transfer. 19−22 In such mechanisms, the electroactive group was protonated before the electron transfer, which may be considered a classical acid catalyzed reduction. In these mechanisms the transfer of electron(s) needs much more potentials at higher pH 14, 16, 22 as we observed during the present study. Peak potentials are pH independent in neutral and alkaline solutions. When peak potentials for both reductions were plotted versus pH both potentials changed linearly with pH by obeying the following equations:
The ratio of the proton number to electron number was calculated by using the equations given in the literature 14−16,21−25 and it was concluded that in each reduction equal numbers of protons and electrons were involved. Peak current and peak shape were taken into account for the determination of the optimum pH as 4.8.
Effect of potential scan rate
After pH studies, the effect of the potential scan rate on peak potentials was evaluated for a FNX solution (0.5 mM in BR) at pH 4.8. Here, the potentials of both reduction peaks shifted to more negative potentials with increasing scan rate ( Figure 3 ). A change in peak potential with scan rate indicates an irreversible or quasireversible mechanism.
15,19,21,26
Since there is no oxidation peak on the reverse scan, irreversible reduction mechanisms might be proposed. The potential of the second reduction peak changes linearly with the logarithm of scan rate by obeying Eq. (3):
The slope value of Eq. (3) was used to calculate the relation between the number of electron(s) in rate determining step (e) and charge transfer coefficient (α). The value for eα was around unity for the second reduction peak at about -0.95 V. The charge transfer coefficient for ideal metallic electrodes was thought to be very close to 0.5. 15, 19, 21, 26 Based on this, the participation of 2 electrons for the second reduction step is possible.
By studying the effect of the potential scan rate on the peak current, the current of both reduction peaks changed linearly with scan rate according to the following equations:
The linear dependency of peak current to potential scan rate is one of the indications of an adsorption-controlled mechanism.
14−26 The logarithm of the peak current for both reductions was plotted with respect to the logarithm of scan rate and the relations follow the given equations:
Slope values for the relation between the logarithm of peak current and the logarithm of scan rate were close to theoretical values for adsorption-controlled mechanisms. Finally, the relation between peak current and the square-root of scan rate was investigated and peak currents showed no linear behavior towards the square-root of scan rate. According to scan rate studies both reductions might have adsorption-controlled mechanisms.
Constant potential bulk electrolysis (BE) and the number of electron(s)
For the determination of the number of electrons involved in the processes, 2 different approaches were applied. The first bulk electrolysis (BE) was carried out at a constant potential of -0.9 V for the first reduction and at -1.2 V for both reduction steps. In BE experiments 25.0 mL of 0.10 mM FNX solutions was used. After the charge value of 0.39 C for the first BE carried out at -0.9 V peak current of the first reduction decreased to 17% of its initial current and the second reduction peak had nearly its initial current. The second BE was carried out at -1.2 V after the first reduction peak had disappeared and the peak current of the second reduction decreased to 15% of its initial current after reaching a charge of 0.89 C. According to Faraday's equation, 15, 19, 21, 26 in each reduction there might be 2 electrons involved. According to our previous assumptions each reduction process consequently features 2-electron 2-proton transfers.
As a second approach, equations for CV measurements to adsorption-controlled mechanisms 18,23 were applied directly to calculate the number of electrons. These results confirmed that the number of electrons involved in each reduction mechanism was around 2. Although the exact electrode mechanism was not determined by complementary analysis, conclusions about the electroactive centers could be drawn with similar structures. 14−16,21−24 As shown in the Scheme, there are mainly 4 reducible groups in the structure of FNX: etheric oxygens, a carbonyl group, azomethine in one 5-membered ring, and chlorine as a leaving group. 14, 19, 21, 22 Taking all the experimental studies into consideration, reduction of the carbonyl group to its corresponding alcohol by 2 protons and 2 electrons in such a way like acid catalyzed reduction and reduction of the C=N group to CH-NH again by 2 protons and 2 electrons could be thought of as reduction mechanisms.
Voltammetric determination of FNX
In order to develop a voltammetric method for the determination of FNX, reduction peak currents were calibrated. Square-wave voltammetric (SWV) and differential pulse voltammetric (DPV) techniques were examined and the SWV method was found to be more suitable and reproducible than DPV.
Optimization of variables
Experimental and instrumental variables were optimized. First, various electrolytes such as BR, phosphate, and acetate buffer solutions were examined. BR gave the highest peak current and better peak shapes than the other media. The analytical concentration of BR was optimized and 0.04 M was found to be the optimum value. Effects of pH were also investigated and the results were given above.
The variations in peak currents and shape with instrumental conditions such as frequency (f), scan increment ( ∆ E i ), pulse height (∆ E a ), and pulse width (E w ) were investigated for 3.0 µ M FNX. As a result, the optimum instrumental parameters were found as follows: f = 25 Hz, ∆ E i = 3 mV, ∆ E a = 65 mV, and E w = 0.01 s. After the optimization step, calibration studies were performed. In the calibration step currents were measured as a function of FNX concentration in quintuplicate under the optimized conditions and the average of these 5 serial measurements was used as a peak current. Variations in peak current and shape are given in Figure 4 . 
Method validation
The applied method was validated by investigating the following parameters: linearity range, limit of detection (LOD), limit of quantification (LOQ), accuracy, precision, reproducibility, and repeatability.
14,16
Linearity was checked by preparing standard solutions at 15 different concentration levels between 0.10 µ M and 30.0 µ M. Five serial measurements were taken for each concentration and subsequent to evaluation of Q-test for 95% confidence level; the average was used as a peak current of related concentration. Figure 4 shows that the peak current changed linearly with FNX concentration in the range of 0.30 µ M to 15.0 µ M by obeying the following equations:
The good linearity of the calibration graphs and the negligible scatter of the experimental points are clearly evident from the determination coefficient (R 2 ) given in Eqs. (8) and (9).
LOD and LOQ values were calculated from the electro-reduction peak current using the following equations: LOD = 3s/m and LOQ = 10s/m (s is the standard deviation of intercept and m is the slope of calibration curve) 14, 16 and LOD = 0.07 µM and LOQ = 0.24 µ M as given in Table 1 .
Repeatability and reproducibility for peak current and peak potential were examined by interday and intraday measurements using FNX solutions with the same concentrations. For interday measurements, the same FNX solution was used and 5 measurements were obtained at different times. The relative standard deviation was calculated for peak current and peak potential. For intraday measurements FNX solutions were prepared by the same manner each day and 5 measurements were made on 5 consecutive days. The relative standard deviation was calculated for peak current and peak potential. Results for both interday and intraday measurements are given in Table 1 . The proposed method shows a coefficient of determination (R 2 ) higher than 0.99 for both peaks. The repeatability and reproducibility of peak current and peak potential were satisfactory. In order to evaluate the applicability of the proposed method to water and crop samples, FNX was examined in tap water, river water, and crop samples. As shown in Table 2 , mean results for tap water samples were between 97.5% and 99.6% (with RSD values around 12.0%). The average recoveries for river samples were around 95.7% and 97.2% with RSD values less than 10.0% (Table 3) . *value = average ± ts/ √ N (N = 5 and at 95% confidence level), **relative standard deviation for 5 serial measurements,
ND: not determined
As shown in Table 4 , FNX sprayed crop samples contained about 3 µM FNX. As stated in the sample preparation section, FNX sprayed crops were diluted 20 times during the washing process and washing residue was diluted 8 times with BR. This means that the FNX that was removed from the crop samples was diluted totally 160 times during the washing and preparation process. The concentration of FNX that was sprayed before on a leaf of a crop was calculated to be about 0.48 mM. This experimental value is very close to actual value of 0.50 mM stated in the sample preparation section.
In conclusion, detailed electrochemical characteristics of FNX on a HMDE were studied for the first time to date. The redox properties and electrochemical parameters of this compound might be of crucial importance in evaluating its physicochemical and toxicological properties. Determinations of environmentally relevant molecules in different samples are also of great importance. In this study, a simple voltammetric method was presented that requires neither sophisticated instrumentation nor tedious extraction processes for determination of FNX used as herbicide. Fisher Scientific). Double-distilled deionized water was supplied from Ultra-Pure Water System (ELGA as PURELAB Option-S). All measurements were performed at room temperature.
Reagents and solutions
FNX standard (with CAS number: 66441-23-4) was kindly purchased from Sigma-Aldrich. Stock solutions (5.0 mM) were prepared in ethanol (Merck KGaA, Darmstadt, Germany) and kept in the dark and below 4 • C. Working solutions of FNX were prepared by sufficient dilution of the stock solution with supporting electrolyte at optimum pH and used within the same day to avoid any possible decomposition. Phosphoric acid (Riedel-de-Haen, Honeywell Specialty Chemicals Seelze GmbH, Germany), boric acid (Riedel-de-Haen, Honeywell Specialty Chemicals Seelze GmbH, Germany), and acetic acid (Merck KGaA, Darmstadt, Germany) were used in the preparation of BR solution in which each component had an analytical concentration of 0.04 M. Double-distilled deionized water was used in the preparation of all the solutions. All chemicals were used as received.
Procedure
For voltammetric measurements, a known volume of FNX solution was pipetted into 8.0 mL of supporting electrolyte. Voltammetric measurements were carried out after degassing with argon for 15 min before the first measurement and 30 s between the successive measurements. Voltammograms were subsequently recorded by scanning the potential towards the negative direction.
A 3-electrode combination system for bulk electrolysis (BE) with mercury pool (ca. 60 cm 2 ) as working electrode, coiled platinum wire as an auxiliary electrode (BAS MW-1033 (23 cm)) and a Ag/AgCl reference electrode (BAS MF-2052 RE-5B in 3.0 M KCl) was used. In BE studies 25 mL of 0.10 mM solutions was used.
Preparation of samples for analysis
Tap water samples were collected from the city of Amasya and used as collected; river water samples were collected from the Yeşilırmak river in Amasya and homogenized by filtration and centrifugation. Both tap and river water samples were analyzed by standard addition methods. Crops including tomato, barley, and wheat were subjected to spray of 25.0 mL of 0.5 mM FNX solution. After 24 h all the leaves of the crops were collected, washed with 500.0 mL of a mixture of ethanol and distilled water (v:v, 9:1) and carefully collected by keeping the volume of washing mixture as closely as possible to 500.0 mL. Afterwards 1.0 mL of washing water was added to 7.0 mL of a BR solution and the pH of the mixture was adjusted to the optimum value. Subsequently, the voltammetric measurements were carried out following the standard addition method.
